The opportunistic pathogen Candida albicans can undergo phenotypic switching between a benign, unicellular phenotype and an invasive, multicellular form that causes candidiasis. Increasingly, strains of Candida are becoming resistant to antifungal drugs, making the treatment of candidiasis difficult, especially in immunocompromised or critically ill patients. Consequently, there is a pressing need to develop new drugs that circumvent fungal drugresistance mechanisms. In this work we used soft X-ray tomography to image the subcellular changes that occur as a consequence of both phenotypic switching and of treating C. albicans with antifungal peptoids, a class of candidate therapeutics unaffected by drug resistance mechanisms. Peptoid treatment suppressed formation of the pathogenic hyphal phenotype and resulted in striking changes in cell and organelle morphology, most dramatically in the nucleus and nucleolus, and in the number, size, and location of lipidic bodies. In particular, peptoid treatment was seen to cause the inclusion of lipidic bodies into the nucleus.
C
andida albicans is a common component of the human commensal flora, and is estimated to be present in the gastrointestinal and genitourinary tract of 80% of the population. In response to a range of environmental and/or cellular cues, C. albicans can switch from a benign yeast-like phenotype to a highly invasive, multicellular pathogenic cell type by the formation of hyphae ( Fig. 1) (1). The hyphal phenotype is responsible for the mycosis candidiasis (2) . In most instances, candidiasis is a minor, superficial condition that can be treated readily. However, as with most fungal pathogens, C. albicans is becoming increasingly resistant to antifungal drugs (3, 4) , making it difficult to treat otherwise relatively simple infections. The situation is much worse in the case of critically ill or immunocompromised individuals where candidiasis can become systemic. Such systemic infections can have devastating consequences and a mortality rate of 40% (3) (4) (5) (6) (7) . Consequently, there is now a pressing need to develop safe, effective antifungal drugs that can circumvent both innate and acquired drug-resistance mechanisms. To date, developing new pharmaceuticals has typically relied on designing or discovering molecules capable of perturbing the function of a single gene, protein, or molecular event thought to be involved in the aetiology of a disease (8) . Taking such a highly targeted approach is thought to be one of the main failings in the drug discovery model, and is considered to be one of the factors that have lead to a shortage of new drugs entering the clinic (9) . It has been proposed that a more productive approach to drug discovery is to identify, test, and visualize potential therapeutic molecules directly in the complexity of an entire, fully functional biological system, i.e., in the milieu of a cell (8, 10) . Recently, soft X-ray tomography has been developed as an imaging modality well suited to this type of study, especially since it can be used to image the sub-cellular structure of large numbers of cells (11) (12) (13) (14) (15) (16) ). In the work described here, we used soft X-ray tomography to image changes that take place in the subcellular organization of C. albicans as a consequence of phenotypic switching. We then applied the same methods to imaging C. albicans cells that had been treated with antifungal peptoids, a class of peptidomimetics with potential to be developed as antifungal drugs that circumvent microbial drug-resistance mechanisms.
Soft X-ray tomography stands alone as a technique for imaging eukaryotic cells. No other high-resolution imaging modality is capable of quantitatively imaging the subcellular organization of fully hydrated cells in excess of 10 m thick (12) (13) (14) . Currently, XM-2, the X-ray microscope used in this work, is capable of imaging biological specimens with a spatial resolution of 50 nm. In the near future, incorporation of the latest generation of zone plate optics into this microscope will increase the achievable spatial resolution to better than 15-nm resolution (17) . In soft X-ray tomography, the image contrast is generated by the differential, quantitative absorption of X-ray photons. Therefore, cells do not need to be treated with contrastenhancing chemicals, or subjected to other procedures that could potentially disrupt or even destroy the native cellular structure before imaging. Instead, cells are simply taken from their growth chamber and cryo-immobilized (13) . The illuminating photons used in soft X-ray tomography have energies that fall within a region of the electromagnetic spectrum known as the ''water window.'' In this spectral range, water is an order of magnitude more transmissive than carbon and nitrogen (18) . Because this absorption follows Beer's Law, the absorption of photons is linear and a function of the biochemical composition at each point in the cell (13, 19) . Organelles and other subcellular structures of interest are readily identifiable and can be segmented (i.e., isolated from the rest of the cell) based on their X-ray absorption characteristics (12) (13) (14) 19) . Soft X-ray tomography is a relatively high-throughput imaging technique; it takes Ͻ3 min to collect projection images necessary for calculation of a tomographic reconstruction (plus, each field of view is sufficiently large that it may contain more than one cell, in the case of yeast-like C. albicans, we imaged three to five cells per dataset).
Antimicrobial peptides (AMPs) are widely produced by most members of the plant and animal kingdoms, including humans, as a first line of defense against microbial infection (20) . AMPs exhibit broad-spectrum activity against many pathogens, and function by mechanisms to which microbes have failed to develop resistance (20, 21) . These characteristics make AMPs ideal candidates for development as drug molecules. Unfortunately, AMPs are prone to rapid proteolysis in vivo; thus, hindering their clinical applications (22) . However, peptoids, a class of peptidomimetics (23), are extremely resistant to proteolysis (24) , and possess broad-spectrum antimicrobial activity against many pathogenic organisms, including C. albicans (25) . Consequently, peptoids are a much more attractive system for studying and developing novel antimicrobial and antifungal therapies. In this study, we treated C. albicans with two peptoids, termed peptoid 1 and peptoid 2 (Fig. S1) , and imaged the subcellular consequences.
Peptoid 1 was designed to mimic magainin 2, one of the most established and widely studied AMPs (26) . Peptoid 2 was designed to have homology with a family of AMPs previously shown to have strong antifungal activity against C. albicans (27) . The mode of action by which these peptoids function is the subject of ongoing debate, but the evidence indicates that peptoids likely function similar to AMPs. However, even in the case of the more studied AMPs, there are still a number of unanswered questions regarding the precise mechanism(s) by which they act. One of the most widely accepted views being that AMPs exert at least part of their effects through membrane disruption (28) . For example, a family of AMPs with high structural similarity to peptoid 2 was reported to cause disruption of C. albicans membranes (27) . Based on the activity of peptoid 1 in membrane-mimetic vesicles and monolayers, it is reasonable to expect it to also cause membrane disruption (25) . However, magainin 2 has also been shown to damage DNA in yeast (29) ; thus, demonstrating that AMPs and peptoids may have both intracellular and intranuclear effects.
Results
We began this study by establishing the subcellular architecture of the three phenotypes displayed by C. albicans, namely, yeast-like, germ-tube, and hyphal cells. Live cells were mounted in thin-walled glass capillary tubes, cryo-immobilized, and then imaged by soft X-ray microscopy. A tomographic dataset for each was obtained by collecting projection images at 2°incre-ments around a rotation axis. The projection data were then computationally reconstructed to give the 3D cell volumes, which were then segmented to isolate, visualize, and quantify organelles and other subcellular structures ( Fig. 2 ; Movies S1-S3). For the pathogenic form of C. albicans cells (i.e., the hyphal cell shown in Fig. 2 E and F and Movies S3 and S4) with cell lengths greater than the microscope field of view, projection series were collected from sequentially overlapping fields of view. Each series was individually reconstructed and then computationally ''stitched together'' to form the single, seamless tomographic reconstructions shown in Fig. 2E . For smaller cells, such as the yeast-like or germ-tube cells, each field of view contained between one and four cells, each of which could be reconstructed and segmented. Consequently, significant numbers of cells could be imaged tomographically for each peptoid treatment.
Subcellular structures such as the nucleus, nucleolus, mitochondria, vacuole, and lipid bodies were segmented based on the calculated linear absorption coefficients (LAC) at each voxel (Table S1 ). The measured LAC value for each voxel is determined by the biochemical composition at that point in the cell. Regions of the cell with relatively similar biochemical composition (at the level of spatial resolution observed) have characteristic LAC values (13, 19) . For example, structures such as lipid bodies have consistent LAC values within the same cell, between cells, and can even be consistent between different cell types. That said, within a particular organelle, such as a nucleus, the LAC values vary in accordance with the internal structures and molecular densities. In this work, it was possible to segment organelles on their measured LAC values alone, and subsequently, assign the identity based on LAC and organelle shape established by other modalities (in particular, light and electron microscopy (30) (31) (32) ). In this regard, segmentation of organelles in a cell imaged by soft X-ray tomography is analogous to differentiating liver from kidney, fat from muscle, or normal from abnormal tissue, in a patient imaged using clinical computed axial tomography (CAT).
Initially, the reconstructed cells were manually segmented. However, the excellent signal-to-noise inherent in soft X-ray tomographic data allowed us to apply automated segmentation methods, and thus, greatly speed up this process. To check the accuracy of the automated method, we segmented cells that had previously been segmented manually. A comparison of organelle volumes showed that the automated methods produced values that were within 10% of those obtained by manual segmentation.
Overall, we found that cells with the germ-tube phenotype closely resembled those of yeast-like cells in terms of organelle organization and structures. A number of dense objects with average volume of 0.07 m 3 were assigned as lipid droplets based on their average LAC values of 0.75 Ϯ 0.09 m Ϫ1 (for a list of segmented organelle LAC values, see Table S1 ). The mitochondria appeared as single, continuous branched structures that curved around the nucleus and the vacuole. The segmented hyphal cells showed marked structural differences compared with yeast-like and germ-tube phenotypes. The nuclei and nucleoli were less spherical, and much more elongated, and multiple small vacuoles were apparent, in particular in the region nearest the primary cell. There appeared to be no vacuoles close to the hyphal tip, or even in the lower half of the hyphal cell.
To determine the cellular consequences of antifungal peptoid treatment on C. albicans cells, we collected tomographic data on cells that had been incubated with two different peptoids, peptoids 1 and 2, at a concentration corresponding to a minimum inhibitory concentration (MIC) of 50% ( Fig. S1 and Movies S5 and S6). Characteristic of treatment with either peptoid molecule was the inhibition of the hyphal phenotype. Of the peptoid 1 treated cells, 73% of cells had a yeast-like phenotype, with the other 27% having the germ-tube phenotype. However, 90% of peptoid 2 treated cells had the yeast-like phenotype, with the remainder having a germ-tube phenotype (Table 1) . In all cases, peptoid treatment resulted in an increase in the size and number of lipid-like structures and changes in the structure of the nucleoli (Fig. 3) . We compared the cell volumes, and the volumes of lipid-like structures, nuclei, and nucleoli, in peptoid treated cells with those of the control cells (Fig. 4) . Although the volume of the nucleus differed between control and peptoid treated cells, no significant difference in the average volume of nucleus relative to the cell volumes was observed between control (6.4 Ϯ 1.5%) and peptoid treated cells (peptoid 1: 6.1 Ϯ 0.7%; peptoid 2: 6.4 Ϯ 1.1%). However, the average volume of the nucleolus relative to the cell volumes was smaller in peptoid 2 treated cells (1.0 Ϯ 0.5%) compared with that of the control (2.0 Ϯ 0.4%) and peptoid 1 treated cells (1.6 Ϯ 0.4%) (Fig. 4A) . Interestingly, the average volume of lipids relative to the cell volumes in peptoid 2 treated cells (0.60 Ϯ 0.4%) was significantly higher compared with those of the control (0.06 Ϯ 0.03%) and peptoid 1 treated cells (0.12 Ϯ 0.04%). When the volumes of lipidic bodies was compared between peptoids 1 and 2 treated cells, the average percentage volume of lipids in peptoid 2 treated cells was 80% higher than that of peptoid 1 treated cells (Fig. 4B) . In addition, deformation of vacuoles was observed in peptoid 1 treated cells (Fig. 3D) . We also observed unexpected large structures em- Total number of segmented cells are categorized by phenotype. bedded inside the nucleus of peptide 2 treated cells (Fig. 3G) . These structures had LAC values in the range of those measured for lipid bodies, leading us to assign them accordingly. This observation was characteristic of virtually all cells treated with peptoid 2.
Fig. 3. Soft X-ray tomography of C. albicans cells after treatment with peptides. Peptoid 1 treated cell (A-D) Representative orthoslice through the tomographic reconstruction (A). All segmented organelles (B). Segmented nucleus and nucleolus (C). Peptoid 1 induced structural changes in the nucleolus are shown in detail in the Inset. Segmented vacuoles (D). Peptoid 2 treated cell (E-G). Representative orthoslice through the tomographic reconstruction (E). All segmented organelles (F). Segmented nucleus, nucleolus and lipid bodies (G)
.
Discussion
Soft X-ray tomography is distinguishable from peer imaging techniques by the capacity to image fully hydrated eukaryotic cells in excess of 10 m thick and do so without the use of stains or other contrast enhancing agents. Consequently, cells are imaged close to their native state. Segmented reconstructions of C. albicans cells with yeast-like phenotype showed the mitochondria to be long, branched structures that surrounded both the nucleus and a single vacuole. The nucleus, nucleolus, and vacuole were approximately spherical, and organized as expected from studies using other imaging modalities. In hyphal cells, we observed a large population of discrete mitochondria localized at the tip region. This organization may be due to the large energy requirement for hyphal extension. However, the fragmented form of the mitochondria could also be the consequence of cell stress, because it is known that subcellular elements in the hyphal tip region are susceptible to any environmental change (33) .
Segmented reconstructions of cells treated with peptoid 2 showed a number of clear differences with control cells, in particular in the nuclear region. The most striking of which are dense bodies observed to be embedded inside the nucleus (Figs. 3G and 5). Based on the measured LAC values and the shape of these objects, we surmise that these bodies are composed of lipids, or lipid-like, molecules. A similar report of enlarged lipid-droplets was described in Saccharomyces cerevisiae mutant cells, where a functional homologue of human seipin was deleted (32, 34) . To our knowledge, this is the first observation of large lipid-like structures being embedded in the nucleus of C. albicans. The other striking feature visualized in the reconstructions of peptoid treated cells was the structure of the nucleoli. In all cases, the nucleoli in peptoid treated cells appear to contain one or more holes that pass completely through the organelle. Peptoid 2 treatment led to a single hole being present in the nucleoli, whereas peptoid 1 treatment resulted in nuclei that contained two such voids (Fig. 5) in all of the cells imaged. Again, the function, consequences, and underlying reason for these structural features remains an open question. It should also be stressed again that this type of observation could not have been made using diffraction limited fluorescence microscopy.
In all of the peptoid treated cells, the major phenotypic features displayed in Fig. 3 remained constant. Therefore, it is reasonable to speculate that these morphological changes have underlying functional consequences. These features could represent the stress response to peptoid treatment. Recent studies suggest that the nucleolus not only functions as the site for ribosome synthesis, but also has a key role in cell stress sensing. For example, under stress conditions, mammalian cells increase the level of tumor suppressor, p53, which leads to inhibition of Pol I transcription and altered nucleolus morphology (35) (36) (37) . Although this work was not focused on the functional consequences of this structural arrangement, it is likely that the application of antifungal peptoids led to this, or similar phenomena, suggesting that these mechanisms are suitable for therapeutic targeting.
In previous work by Isola et al. (31) , the effects of salivary Histatin, an AMP, on C. albicans cells were imaged using transmission electron microscopy (TEM) and high-resolution scanning electron microscopy (HRSEM) (31) . A number of Histatin-induced alterations in C. albicans cell structure were reported, such as the appearance of electron-dense bodies (thought to be mitochondrial in origin), membrane and organelle disarrangement, and the appearance of structures resembling autophagosomes. However, there was no clear indication of specific biochemical mechanism by which Histatin may function.
Developing new pharmaceuticals, such as antifungal drugs, is costly and unpredictable. Despite the availability of advanced research technologies, such as combinatorial chemistry and high-throughput screening methods, it still costs more than $1 billion to bring a new prescription drug to the market (8) . The combination of high spatial resolution, together with a contrast mechanism that retains and reveals subtle features in cells, make soft X-ray tomography well suited to visualizing the consequences of treating cells with candidate drug molecules. The utility of the technique will increase in the near future, now that it is possible to carry out correlated high-aperture cryogenic fluorescence microscopy and soft X-ray tomography on the same specimen (16) .
Materials and Methods
Strains, Cell Cultures, and Growth Conditions. C. albicans (wild-type strain 26555) was obtained from ATCC and grown at 26°C on ATCC medium No.200 that contains 0.3% (wt/vol) yeast extract, 0.3%(wt/vol) malt extract, 0.5% (wt/vol) peptone, 1% (wt/vol) dextrose, and 2% (wt/vol) agar. Cell cultures were freshly prepared from these plates (one colony in 5 mL of liquid medium) and grown on a rotary shaker maintained at appropriate temperature overnight (OD ϭ 1.5ϳ2.5). The phenotype was switched by modifying the growth conditions, as described in ref. 1.
Peptoid Treatment. Peptoids were synthesized as previously reported (20, 22) . Liquid culture media containing overnight-cultured cells (100:1) and appropriate concentrations of peptoids were placed on the rotary shaker at 37°C (t ϭ 0). At this temperature, tube-like structures of C. albicans cells were induced. OD measurements were done every 30 min for 3 h (OD ϭ Ϸ0.5). OD readings at 600 nm were performed on a Beckman DU640 spectrophotometer (Beckman Coulter) with a blank (i.e., appropriate concentrations of peptoids in liquid media).
Soft X-Ray Tomography. X-ray datasets were collected using the XM-2 soft X-ray microscope operated by the National Center for X-ray Tomography (http://ncxt.lbl.gov) at the Advanced Light Source (http://www.als.lbl.gov) of Lawrence Berkeley National Laboratory (LBNL). XM-2 is equipped with Fresnel zone plate based condenser and objective lenses (made by the Center for X-ray Optics, LBNL) and is specifically designed to investigate biological samples at cryogenic temperatures. For soft X-ray tomography, cells were rapidly transferred from their growth media to thin-walled glass capillaries, and immediately flash frozen in a cryogenic gas stream (13) . No additional staining procedures were used. Imaging was performed with the specimens in an atmosphere of liquid nitrogen cooled helium gas at all times. For each dataset, 90 projection images were collected sequentially around a rotation axis in 2°i ncrements to give a total rotation of 180°; the microscope was equipped with a resolution defining 50-nm objective lens. An exposure time of between 150 and 300 ms was used (depending on synchrotron ring current). Manual alignment of images, based on fiducial markers, was performed using the IMOD package (38) . Tomographic reconstructions were calculated using iterative reconstruction methods (39 -41) .
Calculation of LACs and Manual Segmentation. Reconstructed cells were segmented into subvolumes that have similar LACs. The LAC for each voxel was measured directly from the experimental data. The absorption of soft X-rays follows Beer's Law, and therefore, is concentration and molecular species dependent. In the case of isolated biomolecules, the LAC can be measured experimentally or easily calculated according to the chemical composition of the specimen. For example, ice was calculated to have a LAC of 0.109 m Ϫ1 , whereas a model protein with the chemical composition C94H139N24O31S has a LAC of 1.35 m Ϫ1 (19) . The situation becomes more complex in the context of 50-nm voxels in a reconstruction of a cell. In this case, each voxel will almost certainly contain a mixture of biomolecules (lipids, protein, water, etc.). Therefore, the LAC for a segmented organelle is a measure of the overall biochemical composition. As can be seen from the reconstructed, unsegmented cell volumes ( Fig. 1 A, C , and E) organelles have a relatively consistent LAC value, and therefore, are easily identifiable compared with other components in the cell (i.e., the nucleolus is readily distinguishable from the nucleus, lipid-dense bodies from the cytosol, etc.). Manual segmentation, measurements of voxel values to calculate LACs, and the creation of movies were all carried out using the Amira software package (Mercury Computer Systems).
Statistical Analysis of Autosegmented Data. Automatic segmentation was done using ITK-Snap V1.6.0.1 software (http://www.itksnap.org/pmwiki/ pmwiki.php) (42), along with ImageJ 1.42k (http://rsbweb.nih.gov/ij/). ImageJ was used to reduce the noise from the data reconstructed by filtered back projection (39) . Cells and lipid droplets were automatically segmented based on the threshold with corresponding LAC voxel values shown in Table S1 ; nucleoli and nuclei were semiautomatically segmented by the active contour method (42) . All of the segmented volumes were smoothed by 3D median filtering, and all volumes with a voxel value of 5 or higher were included in the results.
